The ~resen~ study compares and interprets the I H, 2H, and 13e spin-lattice (Td relaxation times of l,2-dipalmltoyl-sn-glycero-3-phosphocholine (DPPC), in the liquid crystalline phase, in terms of models for the molecular dynamics of lipid bilayers. The IH TI times ofthe DPpe bilayer hydrocarbon region at two frequencies and 13e TI data at seven frequencies, for which the relaxation is dipolar in origin, as well as the 2H TI data at three frequencies, due to the quadrupolar interaction, can be unified and interpreted in terms of a collective model for order fluctuations. In normalizing the 13e TI data to the IH and 2H TI values, a vibrationally corrected
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I. INTRODUCTION
ean the NMR relaxation data for different nuclei in lipid bilayers, i.e., IH, 2H, and 13e, be interpreted quantitatively and self-consistently in terms of a single model for spin-lattice relaxation? In Ref. I, and in the preceding paper, 2 we have discussed various models which can be used to analyze the molecular dynamics of lipid bilayers in terms of the quadrupolarl and dipolar relaxation mechanisms. If such a unified development is possible, then our confidence in the relaxation analysis for each of the nuclei is bolstered, and the underlying physical significance is enhanced. Previous work has tended to focus on the relaxation behavior of a single nucleus at one, or at most two, frequencies (magnetic field strengths); for earlier leading references, cf. Refs. 1 and 2. Here our objective is to show how, for the hydrocarbon region of bilayers of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 3 in the liquid crystalline state, the TI relaxation data for IH at two frequencies,4 2H at three frequencies,5.6 and 13e at seven frequencies 7 can be interpreted in terms of a collective model for order fluctuations of the individual acyl chain segments. I ,2,6--IS Since the magnetogyric ratios of each of these nuclei are different, the reported studies together encompass 12 different frequencies, spanning the range of 14-220 MHz. In addition, since the 13e relaxation depends on the sum and difference of the 13e and IH frequencies, spectral density terms at up to VH + Vc = 500 + 126 = 626 MHz are included in the analysis.
II. THEORY
It is first useful to summarize the results of the preceding paper2 for dipolar relaxation, as well as those of Ref. the case of quadrupolar relaxation. We shall focus our attention on the relaxation of IH and 13e (dipolar relaxation mechanism) and 2H (quadrupolar relaxation mechanism) in lipid bilayers and biomembranes; the results can be generalized to other nuclei as well. We will also write the relaxation expressions in a somewhat more compact form for future reference, and will only consider the simplest case of the orientally averaged relaxation rates. As mentioned in Refs. 1 and 2, the dependence of the TI relaxation times on the angle P II' between the bilayer normal and the main magnetic field direction (cf. Fig. 1 of Ref. 1) can be lost, Le., averaged during the time course of the relaxation (ms-+s), by rapid tumbling of small vesicles in aqueous suspensions, or in multilamellar dispersions by lateral diffusion of phospholipids about their curved surfaces or by liposome tumbling. 6
In Refs. 1 and 2, the observed spin-lattice relaxation rates of lipid bilayers are given in terms of independent contributions from fast or local segmental motions, in addition to slower motions of a more long-range nature; that is by (2.1) In Eq. (2.1), T .:/ andT 1-; I denote the spin-lattice contributions from the fast and slow motions, respectively, where cross correlations are ignored. The local motions are presumed to be diffusive in nature, and thus analogous to those of simple fluids, but restricted in their amplitude due to the presence of an ordering potential. Two models for the slow motions can be considered: (i) a simple one correlation time model in which long-range cooperative motions are not explicitly considered; we term such a model "noncollective" for this reason; and (ii) a collective model in which the slow motions are described by a continuous distribution of bilayer disturbances, leading to an (;) 1-112 frequency dependence.
For each of the models considered, the short correlation time limit will be assumed for the local segmental fluctuations. Thus, the contribution to the dipolar or quadrupolar relaxation rates will be directly proportional to the effective correlation time t-p of the fast motions. For a noncollective model, in which the correlation time ';'2) for the lower fre-quency fluctuations is assumed to fall into the slow motional limit (cf. Sec. IV A of Ref. I,Secs. IV A.l and IV B.l of Ref.
2), the results for the orientationally averaged spin-lattice relaxation rates can be written as
Here A and B ' are constants characteristic of the particular nuclei, e.g., IH, 2H, or 13e, as given in Table I , and CUI denotes the resonance frequency at a given magnetic field strength (CUI = YI Bo). In the following it will be helpful to refer to Fig. 1 
denotes the bond segmental order parameter averaged over the fast motions only, i.e., Euler angles [J '(t ), and
is an order parameter which describes slower fluctuations in the ordering set up by the faster motions. Table I . Now, irrespective of whether a collective or noncollective model is assumed, the observed T 1-I rates for the case of dipolar ( IH,I3C) or quadrupolar ( 2H) relaxation can be approximately written as (2.4) (T 1-:; I)nonn denotes the normalized contribution from the slow motions to the relaxation rates of the IH, 2H, and \3e nuclei, and .is given by
(2.Sb)
In the above equations, (11 AB') is the normalization constant for the slow motional contribution; A depends on the nucleus employed and B ' depends on both the nucleus and the nature of the model assumed for the slow motions; cf. Noncollective:
Collective:
III. COMPARISON TO EXPERIMENTAL DATA
From Eqs. (2.6a) and (2.6b), it is apparent that there are two ways to conveniently normalize the Tl data obtained for (collective model). Such a procedure assumes that the amplitude of the fluctuations in the local ordering, given by Sp" is similar for the different acyl chain segments of the bilayer hydrocarbon region. We shall adopt the former approach. tive I3C-I H bond distance of ~H = 1.14 A has been used in normalizing the 13C TI data for reasons to be discused shortly. In addition, an average value of -rtjl = 1 X 10-11 s over the range of temperatures employed has been assumed. While It should be noted that in panel (a) of Fig. 1 we have simply replotted the 13C TI data in Fig. 8 (a); the large number of data points is the only reason that the results are presented separately. Thus, we can claim to have unified the 2H and 13C TI data for the DPPC bilayer, since the results for all the hydrocarbon chain segments (excluding the interfacial C-2 position), at all temperatures andfrequencies for the two nuclei, can be shown to fall on a single straight line when a collective model is assumed and the data are normalized using Eqs. (2.5) and (2.6b). However, a noncollective model could also account for the data near a TI minimum for the slow motions (cf. Ref.
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2), and thus relaxation time measurements are needed over a wider frequency range to unequivocally distinguish the two interpretations.
In Fig. 2 we show plots vs (j) j-112 of the I H, 2H, and 13C TI data obtained for the DPPC bilayer, in the liquid crystalline state at 50·C and 12 frequencies, normalized in accord with the collective model using Eq. (2.5). In addition to the 2H and 13C TI results discussed in conjunction with Fig. 1 , we have now included the IH TI data of Kroon et aZ. 4 for the acyl chain (CH 2 )n resonance, corresponding to the C-3 to c-IS segments, of vesicles of (protonated) DPPC mixed with DPPC-d 62 at two frequencies (100 and 220 MHz). In the latter studies the intermolecular contribution has been eli- minated by isotopic dilution, and thus the T, relaxation is due predominantly to the intrachain 'H dipolar interactions. 4 In normalizing the 'H i\ data for the acyl chain CH z groups, a value for the geminal 'H_'H distance of ~H = 1.78 A was used z9 . 30 ; for the 2H T, data a value of (eZqQ I h ) = 170 kHz was taken for the quadrupolar coupling constant as mentioned previouslyZ6; cf. Table I . Some uncertainty exists, however, as to the appropriate value of ~H to be used in calculating the dipolar coupling constant for the case of the 13C T, values. In the top panel (a), a value for the effective I3C-' H bond distance of ~H=(rcJ) -1/3 = 1.14 A has been used to calculate the dipolar coupling constant.
As discussed in further detail elsewhere,z9.31.3z displacements due to vibrational modes can lead to effective I3C-1 H bond distances which are longer than the normal equilibrium value of 1.09 A. The choice of ~H = 1.14 A for the case of a CH z group now appears to be supported by a recent direct determination of the 13C-1 H dipolar coupling constant employing solid-state NMR techniques. 33 When the 13C data for the hydrocarbon region of the DPPC bilayer are normalized according to Eq. (2.5) using a value of ~H = 1.14 A and plotted vs OJ]-112, the data for the three nuclei, viz I H, 2H, and 13C, are seen to fall on a single straight line [ Fig. 2(a) ]. Thus a collective model is capable of explaining the presently available TI data for the hydrocarbon region of the DPPC bilayer, with' the proviso that ~H = 1.14 A .
If we alternatively choose ~H = 1.09 A, i.e., the equilibrium bond distance is assumed, then the results shown in panel (b) of Fig. 2 It should be mentioned that the disparity between the IH and zH results, on the one hand, and the 13C TI data, on the other [ Fig. 2(b) ], could also rise from anyone of several assumptions inherent in the analysis of the TI data for the various nuclei. Thus, it is perhaps reassuring that a relatively simple analysis of the data appears to be possible. For the case of the IH T, values, we have only considered the intrasegmental contribution to the relaxation. Although as much as 80% of the observed residual second moment M 2r of the multilamellar DPPC dispersions is believed to be intrasegmental in origin/a neglect of IH dipolar interactions between the various CH z groups of a given chain could introduce a significant error into the results. In addition, it is uncertain as to what extent the intra-and the intersegmental I H dipolar interactions contribute to M 2r averaged over the fast motions only, which would then be modulated by the slow motions to provide the additional relaxation contribution; cf. Sec. IV A of Ref. 2. For the case of zH NMR, we have further neglected the possibility of zH isotope effects in comparing the motion of the 12C-zH2 groups to that of I3C_ 1H z groupS34-36; these might lead to longer apparent correlation times for the zH nucleus, corresponding to an increase in the normalized 2H T 1-I rates relative to those for 13C as observed [ Fig. 2(b) ]. In this respect it is encouraging that the normalized IH and zH T 1-1 rates fall on the same line [ Fig.  2(b) ], in spite of the different assumptions inherent in the analysis for each nucleus. Also, for the case of the IH and 13C TI values, the relaxation is averaged over a fairly substantial number of chain segments corresponding to the unresolved (CHz)n resonances; the zH TI data by contrast refer to DPPC with specifically labeled acyl chain deuteromethylene groups. Finally, since the 'H and 13C TI data are for vesicles ofDPPC, whereas the zH TI data are for DPPC multilamellar dispersions, it is always possible that small systematic differences in the TI values of the two systems exist which may have been previously overlooked. With the above reservations, the fact that the T J data for each ofthe three nuclei can be explained in such a simple and internally consistent manner by a collective model is encouraging. It suggests that we have indeed been successful in accounting for many of the important motional features influencing the spin-lattice relaxation of the hydrocarbon chain segments of DPPC in the liquid crystalline state.
